In rodent models of obstructive nephropathy, exogenous epidermal growth factor (EGF) attenuates tubule cell death in rats and exacerbates cell death in mice. To identify species differences in EGF receptor (EGFR) regulation and signaling, cell lysates were prepared from rat, mouse, and human proximal tubule cells (PTC) and compared by immunoblot analysis for expression and phosphorylation of Src and EGFR. Frozen kidney tissue was also analyzed. Results indicate mouse PTC have constitutive Src-and EGFR-kinase activities not detected in rat or human PTC. Immunoblots of rat, mouse, and human kidney homogenates confirmed this finding in vivo. Src-specific inhibitor PP2 and EGFR kinase inhibitor AG1478 decreased EGF-induced apoptosis in mouse PTC by 74% (P Ͻ 0.001) and 70% (P Ͻ 0.001), respectively. Expression of a constitutive Src mutant cDNA in rat PTC rendered cells susceptible to EGF-induced death. EGF decreased stretch-induced apoptosis by 66% (P Ͻ 0.001) relative to vehicle control in human PTC, similar to rat PTC response. We conclude that elevated Src activity in mouse tubular cells alters downstream EGFR signaling and increases susceptibility to EGF-induced cell death. The unexpected finding that a therapeutic agent (EGF) in rats is detrimental in mice underscores the importance of determining which animal best represents the response of human kidneys to a given agent. activated Src; mouse proximal tubule cells; apoptosis; tubule injury EPIDERMAL GROWTH FACTOR RECEPTOR (EGFR) regulation and signaling are dictated by ligand binding, dimerization partners, and phosphorylation of specific tyrosine residues. The EGFR family consists of four closely related receptor tyrosine kinases (Human ErbB Receptors 1-4, HER 1-4) and each HER can be activated by several ligands (36). The EGFR (HER1) can pair with itself to form a homodimer, or with all three remaining HERs to form a heterodimer. Ligand binding to EGFR triggers receptor dimerization and ligand availability most likely dictates dimer composition (23, 25, 26) . Receptor dimerization triggers trans-autophosphorylation of several tyrosines (Y) that function as docking sites for Src homology 2 domain signaling proteins; PLC␥ [Y992], GRB1/2, and GAB1 [Y1068] (14, 28). Phosphorylation of Y845 in the activation loop of the kinase domain is critical for maintaining EGFR activity and function (6, 32), as well as transactivation by G protein-coupled receptors (8). Thus upstream regulation of the EGFR influences signaling through multiple downstream pathways leading to diverse biological responses that include cell proliferation, differentiation, tumor progression, and apoptosis.
The EGFR has been implicated in the progression of renal injury and disease characterized by profound epithelial cell proliferation. For this reason, a number of therapeutic approaches have been advanced to limit EGFR activity. Terzi et al. (31) took a genetic approach using transgenic mice with functionally inactive EGFR in two models of renal injury. Inactivation of the EGFR attenuated tubule cell injury following renal ablation and prolonged renal ischemia (31) . In polycystic kidney disease (PKD), EGFR overexpression, mislocalization, and receptor tyrosine kinase activity in the collecting ducts drive epithelial cell proliferation in cyst formation and enlargement. Richards et al. (27) crossed mice with the cystic orpk mutation and mice with the waved-2 EGFR mutation that reduces EGFR activity. Mice expressing both mutant genes (orpkϩ/waved-2ϩ) exhibited decreased cyst formation and improved kidney function relative to orpkϩ/ϩ mice, suggesting that a tyrosine kinase inhibitor (TKI) specific for EGFR may be an effective therapeutic strategy for PKD. Avner's group subsequently tested an EGFR TKI in rodent models of autosomal recessive and autosomal dominant PKD. The TKI effectively reduced cyst formation and improved renal function in the BPK mice and Han:SPRD rats, but it had no effect and in some cases worsened the pathogenesis of PKD in PCK rats (29, 34, 35) . Unlike other rodent models of PKD, EGFR is expressed at normal levels and is localized in the basolateral membrane of PCK rats (35) . Decreasing homeostatic EGFR activity with an EGFR TKI under these conditions was detrimental, aggravating instead of ameliorating renal pathology. Together, these studies suggest the efficacy of an EGFR-based therapeutic strategy may depend on abnormal abundance, activity, and/or localization of the EGFR in states of injury and disease.
Unilateral ureteral obstruction (UUO), similar to renal ablation and ischemia, induces extensive injury to renal tubules that culminates in apoptosis and necrosis (10) . Activation of the EGFR with the administration of mitogenic EGF to animals with UUO should in theory promote tissue regeneration. In rats with chronic UUO, exogenous EGF significantly reduced tubule cell apoptosis by 80% in neonates (12) and by 50% in adults (17) , relative to untreated animals. Using a cell culture model that simulates stretched cells lining dilated tubules in a hydronephrotic kidney, EGF reduced apoptosis in rat proximal tubule cells (PTC) by 50% relative to vehicle control, a response mediated by ERK1/2 signaling downstream of EGFR activation (18) . However, when similar experiments were performed in a mouse model of UUO or with stretched mouse PTC in vitro, the response to EGF was very different. EGF administration to neonatal mice with UUO tended to increase both tubular apoptosis and atrophy relative to vehicle control (19) . Addition of EGF to mouse PTC cultures undergoing stretch significantly increased apoptosis relative to vehicle control. Studies were also performed in mutant neonatal mice lacking endogenous EGF and mice with reduced EGFR tyrosine kinase activity (waved-2 mutant mice). Tubular apoptosis was 50% lower in the obstructed kidney of EGF knockout or waved-2 mice relative to wild-type and heterozygous animals. From these studies, we concluded that EGF is a survival factor in the neonatal rat, but potentiates tubule cell death in the neonatal mouse. Species differences maintained in cultured cells suggest that differences in EGFR signaling underlie these opposing effects. The present study investigates the molecular basis for species differences in EGF-stimulated EGFR activation.
METHODS
Cell culture, growth factors, and inhibitors. Temperature-sensitive SV-40 immortalized rat PTC (IRPTC) were grown in complete medium at a permissive temperature as described (30) . Confluent cultures were shifted to nonpermissive temperature 39°C for 16 h to shut-off the transformed phenotype and induce normal epithelial cell differentiation before initiation of each experiment. Immortalized mouse PTC, PKSV-PR and -PCT, were derived and grown as described by Cartier et al. (11) , except that EGF was omitted from normal growth conditions after initial passages. HK2 immortalized human PTC (American Type Culture Collection, Manassas, VA) and primary human renal PTC (Cambrex Bio Science, Walkersville, MD) were purchased and grown according to the manufacturers' recommendations. Confluent cultures were switched to low serum medium [Յ1% fetal bovine serum (FBS) depending on cell line (Cambrex cell growth medium contains only 0.5% FBS)] at least 24 h before treatments were initiated. Where indicated, recombinant human EGF (Upstate Biotechnology, Lake Placid, NY) was added to cultures at a final concentration of 20 ng/ml. Normal mouse IgG (Jackson Immunoresearch Laboratories, West Grove, PA), neutralizing mouse anti-EGFR (clone LA1) monoclonal antibody (Upstate Biotechnology), and neutralizing mouse anti-TNF receptor I monoclonal antibody (R&D Systems, Minneapolis, MN) were added to cell cultures at the concentrations indicated 30 min before EGF addition. Src tyrosine kinase inhibitor PP2 [4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo(3,4-d)pyrimidine] and EGFR tyrosine kinase inhibitor AG1478 [4-(3-chloroanilin)-6,7-dimethoxyquinazoline] were purchased from Calbiochem/EMD Biosciences (San Diego, CA) and added to cultures at concentrations indicated at least 4 h before addition of EGF.
Cell fixation and indirect TUNEL assay. Cells were fixed, permeabilized, and stained with an indirect TUNEL assay, ApopTag Red in situ (Chemicon International, Temecula, CA). TUNEL-positive cells were counted in 10 nonoverlapping fields and data are expressed as means Ϯ SE apoptotic nuclei/field.
Cell lysate and tissue homogenate preparation. Cell lysates were prepared as described (18) . Tissues were obtained from animals killed by lethal sodium pentabarbitol injection, according to a protocol approved by the University of Virginia Animal Care and Use Committee. For one set of immunoblots, left and right kidneys were harvested from six Sprague-Dawley rats (age: 3 mo) and from six C57/Blk6 mice (age: 6 -10 mo). For another set of blots, kidney, liver, heart, brain, spleen, and lung tissues were harvested from 21-day-old Sprague-Dawley rats and C57/Blk6 mice (6 of each species). Tissues were rinsed in cold PBS, weighed, and flash-frozen in liquid nitrogen before storing in Ϫ80°C freezer. Flash-frozen paired specimens of normal human kidney tissue and renal clear cell carcinoma tumor were obtained through the University of Virginia Tissue Procurement Facility with University of Virginia IRB approval. Tissue homogenates were prepared on ice with a Polytron homogenizer, using 150 -200 mg tissue/ml homogenization buffer, as previously described (18) . Homogenate protein concentration was determined by the method of Bradford (9) . Homogenates were normalized by protein concentration and solubilized with boiling Laemmli buffer (22) .
Gel electrophoresis and immunoblotting. Cell or tissue proteins were separated on 7.5 or 10% acrylamide gels by SDS-PAGE and transferred to nitrocellulose membranes. Uniform protein loading and transfer were determined with Ponceau staining as previously described (18) . Blots were blocked in 5% nonfat dry milk for 30 min, washed 3ϫ in TBS (20 mM Tris ⅐ HCl, pH 7.4, and 0.5 M NaCl), and then incubated with agitation overnight at 4°C with one of the following antibodies diluted in TBS supplemented with 1% wt/vol bovine serum albumin and 0.02% wt/vol sodium azide: Cell Signaling Technology's rabbit anti-phospho-EGFR antibodies directed against EGFR tyrosines (Y)-845, -992 and -1068, rabbit anti-HER2-PY 877 , mouse anti-nonphospho Src-NPY 416 antibody, and rabbit anti-phospho Src-PY 416 , all diluted 1:300; Lab Vision's rabbit anti-EGFR (Ab-17, 5 g/ml), mouse anti-HER2/neu (Ab-17, 1 g/ml), mouse anti-HER3 (Ab-7, 2 g/ml), and rabbit anti-HER4 (2 g/ml) antibodies. Immunoreactive bands were detected with ECL according to the manufacturer's recommendations.
Immunohistochemistry. Kidneys from healthy 14-day-old neonatal rats and mice were harvested, formalin-fixed, embedded in paraffin, and cut into 4-m sections for staining. Kidney sections were prepared for immunohistochemical staining as previously described (19 845 . Selected stable transfectant clones were maintained in normal growth medium containing 175 g/ml G418.
Cell stretch. Mechanical stain was applied to confluent human PTC grown on collagen type I-coated Bioflex plates (Flexcell International, Hillsborough, NC) for 4 h as previously described (18) . Cells were fixed, stained with a TUNEL assay, and TUNEL-positive cells were counted as described above.
Statistical analysis. Data are presented as means Ϯ SE. Student's t-test for paired variables was used to compare vehicle vs. inhibitor and vehicle vs. EGF treatment groups. Student's t-test for unpaired variables was used to compare unstretched vs. stretched cells. Twoway ANOVA was also performed on cell stretch data in Fig. 8 . Statistical significance was defined as P Ͻ 0.01.
RESULTS
In previous studies, EGF was the only ligand added to resting mouse PTC cultures when cell death was induced, making alternative ligand (TGF-␣, HB-EGF, amphiregulin, or betacellulin) binding to the EGFR an unlikely cause of cell death. To test the hypothesis that EGF binding to the EGFR triggers the cell death response, mouse PTC were preincubated with neutralizing anti-EGFR (blocks EGF binding site) or-TNFRI (unrelated receptor control) monoclonal antibodies, normal mouse IgG (nonimmune antibody control), or zero antibody before treatment with EGF. As shown in Fig. 1, A and B, only the neutralizing anti-EGFR antibody significantly attenuated EGF-induced cell death at effective concentrations 3-30 g/ml relative to mouse IgG control (P Ͻ 0.001). These results indicate that EGF binding to the mouse kidney EGFR is key to the induction of tubule cell death.
To determine whether differences in the regulation of rat vs. mouse EGFRs exist, cell lysates prepared from rat and mouse PTC were compared by immunoblot analysis for expression and phosphorylation of EGFR in the absence or presence of EGF. Mouse PTC express three-to fivefold more EGFR than rat PTC and expression level is unchanged by 20-min EGF treatment ( Fig. 2A ). Comparing basal (-EGF) phosphorylation of rat and mouse EGFRs at key tyrosine residues, additional differences are apparent. The rat EGFR is only phosphorylated after EGF treatment, whereas the mouse EGFR is highly phosphorylated in resting cell cultures and becomes hyperphosphorylated in response to EGF treatment ( Fig. 2A) . Tyrosine-845 is a Src-dependent phosphorylation site and critical for activation. To further explore species differences in EGFR expression and regulation, we compared immunoblots of rat and mouse PTC for differences in c-Src activity (activating Src phosphotyrosine-416 and inactive Src nonphosphorylated Y 416 ) and for differences in receptor downmodulation. In Fig.  2B species. Figure 2B immunoblots also demonstrate that the rat EGFR is downmodulated after 6-h EGF treatment, whereas mouse EGFR expression is unchanged. (Fig. 3B) . Constitutive Src activity (P/NP-Src Ͼ 1) was also detected in the kidneys of weanling mice, but not weanling rats (Fig. 3C) indicating the age of the animals does not influence this species difference. Figure 3C also indicates this species difference may be restricted to the kidney. Evidence of constitutive Src-Y 416 phosphorylation/activity was not detected in liver, heart, brain, spleen, or lung tissue of either rodent species.
Src kinase is a key regulator of EGFR signaling. To determine whether Src kinase mediates EGF-induced mouse PTC death, we pretreated cell cultures with PP2, a selective inhibitor of Src kinase (37), before adding EGF to cultures and monitoring apoptosis. Pretreatment with PP2 decreased Src-PY 416 and Src-dependent EGFR-PY 845 in a dose-dependent manner without altering the total amount of Src-NPY 416 or EGFR protein expressed in mouse PTC (Fig. 4A) . Inhibition of EGFinduced cell death was also dependent on PP2 concentration used for cell pretreatment (Fig. 4B) . Taken together, these results demonstrate that a reduction in Src kinase activity (Src-PY 416 ) will attenuate EGF-induced death of mouse PTC. Data shown in Figs. 2A and 3 indicate mouse kidney EGFRs are constitutively phosphorylated on tyrosine-845 and suggest the receptor is constitutively active. To determine whether EGFR kinase activity is required for EGF-induced cell death, we pretreated cell cultures with EGFR-specific inhibitor AG1478 to knockdown constitutive EGFR tyrosine kinase activity and to block EGF-stimulated EGFR-tyrosine kinase activation. AG1478 pretreatment did not alter total Src-NPY 416 (data not shown) or EGFR protein in mouse PTC lysates at any concentration tested (Fig. 4C) ; however, the highest concentration (1 M) decreased phosphorylation of Src-dependent tyrosine-845 and autophosphorylation of tyrosine-992 and -1068. EGF-induced apoptosis declined in a dose-dependent manner (Fig. 4D) , with AG1478 reducing apoptosis by 90% (P Ͻ 0.001) at the 1-M dose, a concentration that corresponds to the greatest reduction in EGFR-tyrosine kinase activity (Fig.  4C) . The data suggest that constitutive EGFR-tyrosine kinase activity together with constitutive Src activity play a critical role in mediating EGF-induced mouse PTC death.
In the mouse kidney, constitutive phosphorylation of Src on tyrosine-416 and the consequent activation of Src kinase appear to be driving the constitutive and dysregulated activity of the EGFR in mouse tubule cells. To test this hypothesis, we stably expressed a mutant Src (Y527F) cDNA in rat PTC for which EGF is a survival factor (18) . Phosphorylation of Src-Y527 in the COOH terminus occurs in vivo to maintain Src in an inactive state (21) . Dephosphorylation of Src-PY 527 results in a conformational change that permits autophosphorylation of Src-Y 416 in the activation loop rendering Src kinase fully active. Mutating tyrosine-527 to phenylalanine mimics dephosphorylation at that site, resulting in increased phosphorylation of Src-Y 416 and a constitutively active kinase (21) . Stable expression of Src (Y527F) did not alter expression of Src-NPY 416 or total EGFR protein expression, but did increase the level of Src-PY 416 to levels detected in mouse PTC cultures as expected (Fig. 5A) . EGFR-Y 845 phosphorylation increased with successive passages of activated (*) Src-rat PTC clones A5 and B1. Susceptibility of *Src-rat PTC to EGF-induced cell death was first recorded at passage 5 and results of a passage 7 TUNEL assay are shown in Fig. 5B . These data indicate that susceptibility to EGF-induced cell death is most closely cor- † related with high levels of Src-dependent phosphorylation of EGFR-Y 845 . As EGFR-PY 845 levels waned in successive passages of *Src-rat PTC (Fig. 5C ), susceptibility to EGF-induced apoptosis also declined and was eventually lost when EGFR-PY 845 levels matched levels detected in vector control PTC (Fig. 5D ). These results demonstrate that expression of an activated Src construct in differentiated proximal tubule epithelial cells leads to constitutive activation and dysregulation of the EGFR. This single modification completely reversed the biological response of rat PTC to EGF.
To determine the expression and phosphorylation profiles of Src, EGFR and HERs 2-4 in human kidney tubule cells, we compared cell lysates of primary human PTC (1°Hu) and immortalized human PTC line (HK2) with our immortalized rat and mouse PTC by immunoblot analysis. Blots probed with antibodies specific for EGFR and HERs 2-4 demonstrate that only mouse PTC express all four HERs (Fig. 6A ). All four cell lines express EGFR and HER2/neu. Primary human PTC also express HER3, although it is much less abundant than EGFR or HER2. Blots probed with antibodies directed against Src-NPY 416 and PY 416 indicate that primary human PTC express more Src-NPY 416 , than PY 416 (P/NP-Src Ͻ 1), similar to rat PTC (Fig. 6B) . In contrast, HK2 levels of Src-PY 416 are greater than levels of Src-NPY 416 (P/NP-Src Ͼ 1), similar to mouse PTC. The EGFR in HK2 cells was highly abundant and heavily phosphorylated on tyrosines-845, -992 and -1068, whereas phosphorylation of the 1°Hu EGFR was barely detectable (Fig.  6C) . Similar results were found for the Src-dependent phosphorylation site of HER2/neu. HER2 phosphotyrosine-877 was only detected in mouse PTC and HK2 cells. Of note, the level of Src-dependent phosphorylations (EGFR-PY 845 and HER2-PY 877 ) are proportional to limiting HER2/neu content in HK2 cells and to limiting EGFR content in mouse PTC. This suggests that EGFR may be held in a constitutive state in part through heterodimerization with HER2/neu, in addition to Src-dependent phosphorylations. The EGFR/HER2 heterodimer is highly correlated with dysregulated cell growth in cancer. Phenotypically, HK2 cells are transformed and exhibit characteristics of tumor cells (spindle shape and loss of contact inhibition) unlike the other cell lines shown.
To determine whether basal phorphorylation levels of c-Src and EGFR in vivo were similar to levels detected in cultured cells, homogenates were prepared from "normal human renal cortex" and clear cell carcinoma tumor for comparison by immunoblot analysis. Rat and mouse kidney homogenates were included as negative and positive controls, respectively. In Fig. 7 , Src-Y 416 is largely unphosphorylated in "normal renal cortex" homogenates (P/NP-Src Ͻ 1), although levels vary with the grade of associated tumor (G1 vs. G2). In contrast, Src is highly phosphorylated on Y 416 in human renal tumor and therefore constitutively active (P/NP Ͼ 1), similar to findings in mouse kidney. The level of EGFR-Y 845 phosphorylation is directly proportional to the level of Src-Y 416 phosphorylation for each specimen analyzed. These results further demonstrate that Src activity in primary human PTC is comparable to that detected in normal renal cortex, whereas HK2 Src activity is comparable to that detected in renal tumors. Thus correlation between constitutively active Src (ratio Ͼ 1) and a constitutively active EGFR was consistent in rodent and human kidneys, as well as cultured cell lines. From these results, we predict that EGF will be a survival factor for human PTC.
To test this prediction, primary human PTC were subjected to mechanical stretch in vitro to approximate axial strain injury induced in vivo by ureteral obstruction. Axial strain applied to human PTC cultures increased apoptosis 545% (P Ͻ 0.001) above control (Fig. 8) . Addition of EGF to culture medium during the mechanical stretch procedure reduced apoptosis by 60% (P Ͻ 0.001) relative to vehicle/stretch. Addition of EGF to unstretched control cultures decreased background apoptosis by 40% (P Ͻ 0.001) compared with vehicle/control. Two-way ANOVA indicates a statistically significant interaction (P Ͻ 0.001) between phenotype (control vs. stretch) and drug (vehicle vs. EGF). Thus our prediction was correct; EGF is a survival factor for primary human PTC in vitro.
DISCUSSION
The goal of this study was to identify species differences in the regulation and/or activation of the EGFR that might explain the opposing life and death responses of rat and mouse tubule cells to EGF. Our results identify four distinct species differences in renal EGFR regulation. First, EGFR phosphorylation and activation are transient in rat PTC, but prolonged in mouse PTC (Fig. 2) . Second, EGF induces downregulation of the rat EGFR, but not the mouse EGFR (Fig. 2B) . Third, rat EGFR can dimerize with itself and HER2/neu, but mouse EGFR can potentially form dimers with all four receptor family members (HER1-4) and activate additional signaling pathways (Fig. 2B) . Fourth, the constitutive Src kinase activity in mouse cells phosphorylates and activates EGFR, rendering it constitutively active (Figs. 4 and 5) . Sustained Src activity in mouse kidney appears to be the underlying cause of EGFR dysregulation and susceptibility to EGF-induced cell death.
Ligand binding induces rapid phosphorylation and activation of the EGFR. In healthy tissue and nontransformed cells, activation is followed by gradual dephosphorylation that inactivates the receptor. Inactivated EGFRs are then internalized via endocytosis and targeted for degradation/downmodulation (36) . In tumor-derived cells, Src and EGFR are frequently overexpressed and/or constitutively active (dysregulated) as a consequence of mutation (24) . Src-dependent phosphorylation of EGFR-Y 845 is particularly critical for sustaining EGFR activation (6, 32) . In transformed cells, Src overexpression or sustained activation alters c-Cbl regulation of receptor ubiquitylation and prevents EGFR endocytosis (3) . Thus the absence of EGF-induced receptor downmodulation in mouse cells is consistent with cells that either overexpress Src or have constitutive Src activity (3) . Based on these criteria, rat and human renal EGFRs are transiently activated and downmodulated similar to nontransformed cells, and mouse renal EGFRs are continuously activated and resistant to downmodulation similar to transformed cells.
Mouse PTC express all four EGFR-related receptors (Her1-4) and rat PTC express only two (HER1-2). This means that mouse PTC can potentially form two heterodimer pairings (EGFR/HER3 and EGFR/HER4) that rat PTC cannot form. Species differences in the expression of alternate EGFR family members can potentially alter downstream signaling and affect different biological outcomes (23, 25, 26) . However, in coimmunoprecipitation experiments EGF alone did not induce formation of EGFR/HER3 or EGFR/HER4 heterodimers in mouse PTC, although these heterodimer pairings did form if cells were first treated with heregulin (a HER3/Her4-specific ligand) and subsequently treated with EGF (data not shown). Serial sections of developing mouse kidneys were stained with lotus lectin (to identify proximal tubules), heregulin, EGFR, and HER3-specific antibodies to determine whether all were expressed in or basolateral to PTC at the time EGF was administered to neonatal mice in a previous study (19) . All three proteins were abundant in the proximal tubules of mice at birth (day 0). However, by day 3, when exogenous EGF was administered to mice, heregulin and HER3 were primarily vascular (data not shown) and only EGFR remained in the proximal tubule (19) . These findings, along with results from the in vitro coimmunoprecipitation studies, indicate it is unlikely that alternate EGF family members, HER3 and/or HER4, contribute to EGF-induced tubule cell death in the mouse.
Several reports described mechanisms of EGF-induced cell death. In fibroblasts and breast cancer cell lines expressing high levels of EGFR and HER2, EGF induces p38 kinasedependent apoptosis (33) . Pretreatment of mouse PTC with p38 kinase inhibitor (SB203580) before EGF addition did not inhibit EGF-induced cell death (data not shown). The HER2/ HER3 heterodimer is a low-affinity receptor for EGF (25) and can induce cell death through prolonged p38 kinase activation (13) . Neither neutralizing anti-HER3 antibodies nor SB203580 inhibited EGF-induced cell death in mouse PTC relative to vehicle control nor did we detect prolonged activation of p38 kinase after EGF treatment in immunoblot studies of cell lysates (data not shown). Extracellular signal-regulated kinase (ERK) lies downstream of EGFR and is generally associated with cell growth and survival. A number of recent studies link ERK activation to cell death (reviewed in Ref. 38 ). Pretreatment of mouse PTC with ERK inhibitor (PD98059) did not attenuate EGF-induced cell death in our cell culture model (data not shown). Indeed, EGF-induced cell death of mouse PTC does not proceed by any EGF-induced death pathway described to date.
The identification of constitutive Src and EGFR tyrosine kinase activities in C57/Bl6 mouse kidneys and mouse PTC is a novel finding. Sustained tyrosine kinase activities have not been previously reported in normal tissue or nontransformed cell lines. Overexpression and/or mutational activation of Src and EGFR occur frequently in carcinomas of the lung, breast, and colon and cell lines derived from these tumors retain Src and EGFR overexpression/activity (3, 4, 6) . Studies in breast cancer cells demonstrated that Src-dependent EGFR-Y 845 phosphorylation is required for most biological activities mediated by the receptor including cell proliferation via STAT3/5b activation (20) and binding EGFR to the mitochondrial cytochrome c oxidase subunit II to inhibit drug-induced apoptosis and promote cancer cell survival (7). Our studies indicate that the Src-dependent phosphorylation of EGFR-Y 845 correlates with susceptibility to EGF-induced apoptosis. Inhibition of Src or EGFR tyrosine kinase activity in mouse PTC significantly reduced EGFR-Y 845 phosphorylation and EGFinduced cell death (P Ͻ 0.001; Fig. 4 ). Conversely, expression of an "activated" Src transgene in rat PTC reversed the survival response to EGF and rendered cells susceptible to EGF-induced cell death (Fig. 5) . Taken together, these results indicate the novel constitutive Src and EGFR activities in nontransformed mouse kidney cells mediate EGF intracellular signaling that culminates in cell death.
Constitutive tyrosine kinase activity, as opposed to overexpression is gaining importance in cell biology as TKIs have entered clinical trials for the treatment of human cancers. Mutations in the tyrosine kinase domain that render EGFR constitutively active in nonsmall cell lung tumors also render tumors sensitive to TKIs, gefitinib and erlotinib (1, 15) . Gifitinib reduced PY 845 levels in sensitive tumor cell lines, thereby blocking downstream STAT3 activation for cell proliferation (1) and the anti-apoptotic effects of EGFR binding to cytochrome c oxidase subunit II (7) . The type of mutation and activation status of EGFR in the tumor can be more important than EGFR expression level for tumor sensitivity to therapy. Similar findings have been reported for imatinib treatment for gastrointestinal stromal tumors expressing mutant c-kit (16) . In renal carcinoma, EGFR is activated not only in the transformed epithelial cells, but also in tumor-associated endothelium responding to high levels of TGF-␣ produced by metastatic tumor cells (2) . EGFR TKIs have been used to treat renal carcinoma with limited success; however, little if any information is available on EGFR mutations or the activation state of Src or EGFR in renal carcinoma (5) . TKIs could be effective therapies for renal carcinoma if targeted to tumors with sensitizing mutations (2).
CONCLUSIONS
Predicting outcomes for EGFR-based therapies increasingly depends on prior knowledge of receptor activation in the diseased tissue. The same can be said of EGF-mediated responses in normal kidney tissue and cells. Differences in basal EGFR phosphorylation and activation among species will alter downstream responses to EGF and limit interspecies comparisons. We urge caution in choosing human renal cell culture models (e.g., tumor-like HK2 cells) and in comparing mouse and human EGFR-mediated physiology or pathology.
